In-vehicle traffic lights that assist drivers in crossing intersections are in development; however, the availability of the in-vehicle traffic light will be limited if the waiting time of a vehicle is not considered in actual traffic conditions, especially at prioritycontrolled unsignalized intersections that normally consist of one major and two minor roads. The present study therefore investigated the effects of the waiting time on driver behaviors to improve the in-vehicle traffic light for the priority-controlled unsignalized intersections. Gap acceptance theory that considers the waiting time was adopted in the implementation of the invehicle traffic light, to assist minor-road drivers in passing through the intersections by selecting appropriate major-road gaps. A driving simulator experiment involving 12 participants was performed for the minor and major roads, by applying the in-vehicle traffic light with and without the consideration of waiting time. Results demonstrate that the maximum acceleration strokes of minor-road vehicles were significantly reduced, indicating a lower possibility of aggressive driving when the in-vehicle traffic light was applied while considering the waiting time. Meanwhile, an improved steering stability was observed from the driver behaviors at the intersections, as the maximum lateral acceleration of minor-road vehicles significantly decreased when the waiting time was considered.
Introduction
There are thousands of accidents yearly at priority-controlled unsignalized intersections, which are one of the most common types of unsignalized intersections [1] . We previously proposed an in-vehicle traffic light based on the application of vehicular communications, displaying virtual traffic light information inside vehicles to assist drivers in safely crossing priority-controlled unsignalized intersections [2, 3] . However, the practicality of the in-vehicle traffic light at prioritycontrolled unsignalized intersections will be greatly limited if the waiting time of vehicles in actual traffic conditions is not considered. The present study thus aims to improve the invehicle traffic light by including the waiting time in the implementation of the system and performs driving simulator experiments to investigate the effects on driver behaviors when the in-vehicle traffic light considering waiting time is included.
A priority-controlled unsignalized intersection normally consists of a major road without a stop line and two minor roads that are controlled by stop lines. Vehicles on the major road are permitted to cross the intersection without stopping. In contrast, minor-road vehicles have to stop completely at the stop line first, waiting for an appropriate major-road gap to enter the intersection. Previous studies pointed out that one major problem of priority-controlled unsignalized intersections was that many drivers had difficulty in judging adequate gaps [4, 5] . Most accidents at priority-controlled unsignalized intersections were due to driver errors, especially the failures of minor-road drivers in selecting a proper 2 Journal of Advanced Transportation gap on the major road [6] . The American Association of State Highway and Transportation Officials therefore identified that the use of new technologies that assist drivers in judging gaps at priority-controlled unsignalized intersections is an important initiative in addressing intersection accidents [7] .
Several methods have been proposed to assist drivers at priority-controlled unsignalized intersections [8] [9] [10] .
Researchers from the Minnesota Department of Transportation developed an infrastructure-based system to help minorroad drivers make better decisions at rural unsignalized intersections, where multiple surveillance sensors were applied to track vehicles moving along the major road [11, 12] . Most of the technologies studied require comparatively high costs of infrastructure investment, including the installation of sensors at intersections.
V-2-X communication technologies have great potential for collecting information at priority-controlled unsignalized intersections, in that they have low deployment costs and wide operating distances. Given the application of vehicular communications, a novel concept of providing virtual traffic light information on the windshield has been presented [13, 14] . Traffic simulations have verified that traffic efficiency might be improved with virtual traffic lights [15] [16] [17] [18] .
To apply the concept of the virtual traffic light at prioritycontrolled unsignalized intersections, we proposed an invehicle traffic light system in our previous driving simulator studies according to gap acceptance theory [2, 3] . Gap acceptance theory was used to decide whether a major-road gap was appropriate for the entry of a minor-road vehicle [19] . According to the theory, the smallest major-road gap that ensures minor-road vehicles can safely cross intersections is referred to as the critical gap [20] .
Previous studies considered the critical gap to be 6.5 s [21] . However, it was reported that the waiting time at intersections had a notable effect on the gap acceptance behaviors of drivers [22] . It was observed that minor-road drivers preferred to accept smaller gaps to enter intersections earlier if they had waited for a long time [23] . Other studies indicated that the longer a driver waited, the more the driver was willing to accept risks and the higher the likelihood the driver accepted a shorter gap [24, 25] . The critical gap should therefore not be considered a constant value. In fact, it would first decrease with waiting time and then converge to a constant value [26] .
It remains unclear how driver behaviors are affected by the waiting time in the case of the implementation of an in-vehicle traffic light. The objective of the present study was therefore to analyze the effects on driver behaviors of the application of in-vehicle traffic lights considering the waiting time at priority-controlled unsignalized intersections.
The present paper firstly proposes the in-vehicle traffic light with consideration of the waiting time for prioritycontrolled unsignalized intersections and then details driving simulator experiments. Results and findings on driving operations and eye behaviors are then presented and discussed. The paper concludes with the implications of the results of the study. 
Methodology
To apply the waiting time in the implementation of an in-vehicle traffic light system, the modelling of prioritycontrolled unsignalized intersections, including the definition of the major-road gap, is firstly performed. An invehicle traffic light system is then proposed according to gap acceptance theory, in which the critical gap is decided considering the waiting time.
Modelling of Priority-Controlled Unsignalized Intersections.
For a priority-controlled unsignalized intersection, as presented in Figure 1 , when a minor-road vehicle arrives at an intersection, the gaps on the major road can be defined as
where ( ) and ( ) are the distances to the intersection and V ( ) and V ( ) are the velocities of major-road vehicles and at time , respectively. The major-road gap ( ) for vehicle will then be determined according to the vehicle's direction of motion, as shown in Table 1 .
By comparing the major-road gap ( ) with the critical gap , the operation of a priority-controlled unsignalized intersection for vehicle can then be expressed as
where ( ) and ( ) represent the priority statuses of major-and minor-road vehicles, respectively.
( ) = 1 means that the major-road vehicles have priority in crossing the intersection while ( ) = 1 means that the minor-road vehicle has priority in crossing. Figure 2 : In-vehicle traffic lights at a priority-controlled unsignalized intersection when major-road gaps are smaller than the critical gap.
In-Vehicle Traffic Light considering the Waiting Time.
As explained in the above section, the critical gap will be affected by the waiting time of minor-road vehicles at intersections. According to the data from observational studies including [26] , the critical gap is 6. 
where ( ) is the critical gap considering the waiting time and is the waiting time of a minor-road vehicle; the value of 6.5 s is the critical gap when the waiting time is less than 10 s; ( − 10), ( − 20) , and ( − 30) are Heaviside step functions that represent the scenarios that drivers have waited for 10 to 20 s, 20 to 30 s, and longer than 30 s, respectively; and 0.25 is a parameter for adjusting the critical gap according to the changes in waiting time. Figure 2 shows that, for a minor-road vehicle approaching the priority-controlled unsignalized intersection, the state of the vehicle will be checked in real time to confirm whether the vehicle has arrived at the stop line. If the vehicle has arrived at the stop line, the in-vehicle traffic light system will start recording its waiting time and checking whether an oncoming minor-road vehicle exists. If an oncoming vehicle exists, the earlier minor-road vehicle will be selected as the leader, and a waiting list will be created to manage the minorroad vehicles waiting at the stop lines. An example of the waiting list is shown in Table 2 , according to the traffic condition presented in Figure 2 . Minor-road vehicle reaches the intersection earlier than vehicle + 1 and is therefore selected as the leader. If vehicle wishes to make a right turn and turns on its right blinker while vehicle + 1 plans to move forward, it is possible for vehicles and + 1 to collide at the intersection as their planned paths intersect. Vehicle + 1 is thus ranked second and will not enter the intersection together with vehicle .
According to the above considerations of the rank and major-road gap, for minor-road vehicle , an in-vehicle traffic light considering the waiting time ( ) can be designed as
where ( ) and ( ) are functions for judging the rank and major-road gap of vehicle , respectively; ( ) = −1 represents a red light, ( ) = 0 means that no light is displayed, and ( ) = 1 represents a green light; and (80 − ( )) is a Heaviside step function and ( ) is the distance from vehicle to the intersection.
For a major-road vehicle , as shown in Figure 2 , the invehicle traffic light considering the waiting time ( ) can be expressed as
where ( ) is the function applied in judging the entry of the minor-road vehicle for vehicle ; ( ) = 0 means that no light is displayed, ( ) = 1 represents a green light, and ( ) = 2 represents a flashing yellow light that warns majorroad drivers to proceed with caution; and (80 − ( )) is a Heaviside step function and ( ) is the distance from vehicle to the intersection. An example of the in-vehicle traffic light considering the waiting time is shown in Figure 2 , where major-road gaps are smaller than the critical gap. For vehicle + 1 that has not entered the range of the in-vehicle traffic light, or vehicles − 1 and − 1 that have crossed the intersection, no invehicle traffic light will be displayed. For minor-road vehicles in the range of the in-vehicle traffic light, including vehicle , a red light will be displayed, requiring the vehicle to stop at the stop line. Afterwards, the minor-road vehicles need to wait for a safe major-road gap to enter the intersection. If a safe gap appears, the light presented to the minor-road vehicle will turn green. For major-road vehicles that have entered the range of the in-vehicle traffic light, including vehicle , a green light will be displayed if no minor-road vehicle is allowed to enter the intersection. If the entry of a minor-road vehicle is permitted, the in-vehicle traffic light displayed to major-road vehicles will become a flashing yellow light.
Experimental Study
3.1. Participants. Twelve males, ranging in age from 20 to 30 years (average of 24.5 years), participated in the study. All participants had a valid driving license and reported that their health did not adversely affect their driving performance. They had been driving for 4.7 years on average (range of 1 year to 8 years) and had a mean driving frequency of 1.2 times per week (range of once to three times per week).
3.2.
Apparatus. An advanced driving simulator was used to produce realistic driving sensations for the participants.
The simulator was composed of a motion platform with six degrees of freedom and a display system with a 140-degree forward field of view. The in-vehicle traffic light system was mainly composed of a laptop computer and an iHUD head-up display (Springteq Electronics Corporation, New Taipei, Taiwan). The laptop computer was connected with the driving simulator via an Ethernet cable. During the experiments, the updated traffic information in the driving simulator, including the positions and velocities of vehicles, was transferred to the laptop computer in real time. The program of the in-vehicle traffic light, which was installed on the laptop computer, used the obtained information to judge the intersection conditions and to decide which light should be displayed. Finally, the light was presented to the participants via the head-up display, which was positioned according to guidelines for the placement of in-vehicle display systems [27] .
Experimental Conditions.
It was expected that the driving performances of minor-road drivers would be affected if their waiting times were considered by the in-vehicle traffic light system. Meanwhile, the driving safety of major-road drivers should also be assessed as the minor-road vehicles were allowed to enter intersections with smaller major-road gaps when considering the waiting time. Therefore, minorroad experiments and a major-road experiment were prepared for all participants to evaluate their driving behaviors.
Minor-Road Experiment.
In the minor-road experiment, the participants were required to drive vehicle to complete a right turn at intersection III. As shown in Figure 3 , to analyze the effects of the waiting time, a congested majorroad traffic flow was designed such that the participants waited for longer than 30 s. The congested major-road traffic flow comprised 10 vehicles and could be described with three parameters: (1) the speeds of the vehicles were set to 40 km/h, (2) the time headways between the vehicles were constant values between 2 and 4 s, which prevented the possible entry of minor-road vehicle before the gaps 1, 2, and 3, when no in-vehicle traffic light was provided, and (3) the traffic flow rate during the experiment period was 900 vehicles/hour. Following the congested major-road traffic flow, three majorroad gaps 1, 2, and 3 were provided as chances for the participants to cross the intersection.
To avoid learning effects, three orders of presentation of 1, 2, and 3 were prepared as shown in Table 3 . Meanwhile, three assistance conditions were provided for each participant as presented in Table 4 . The orders of 1, 2, and 3 and the assistance conditions were combined for the participants, considering counterbalancing.
Major-Road Experiment.
For major-road drivers, the in-vehicle traffic light was expected to warn them of the entry of minor-road vehicles at intersections. According to the relationship between the critical gap and waiting time as shown in (3), the shortest critical gap for the minor-road vehicles was 5 s if the waiting time was longer than 30 s. In-vehicle traffic light without considering waiting time (3) In-vehicle traffic light considering waiting time
For assessment of the driving safety of major-road drivers, the driving scenario of the major-road experiment is presented in Figure 4 . Participants were in major-road vehicle . Another major-road vehicle was set to keep a constant gap of 5 s with vehicle until vehicle crossed intersection III, which was expected to offer a chance to minor-road vehicle waiting at intersection III to enter. The majorroad vehicles before vehicle ensured that vehicle waited for longer than 30 s. Similar to the case of the minor-road experiment, congested major-road traffic flow comprised 10 vehicles including vehicle . The speeds of the vehicles were limited to 40 km/h and the traffic flow rate was 900 vehicles/hour. Meanwhile, constant time headways between 2 and 4 s were maintained. After vehicle crossed intersection III, minor-road vehicle accepted the gap between vehicles and and entered the intersection. The participants were required to react and avoid collisions with vehicle .
The assistance conditions of the major-road experiment are presented in Table 5 . As the gap of 5 s would not be accepted by the in-vehicle traffic light without considering the waiting time, the driver behaviors were analyzed under only two conditions.
Measured Variables and Evaluation Indexes.
Driving data, including the positions, velocities, and acceleration of all vehicles, were recorded with the driving simulator. Meanwhile, eye-gaze data were measured with a Smart Eye Pro system (Smart Eye AB, Gothenburg, Sweden). Four indexes were applied to evaluate driver behaviors in the minor-road experiment: the maximum acceleration stroke, blink rate, maximum lateral acceleration, and postencroachment time. The postencroachment time, maximum brake stroke, and perception response time were used for the major-road experiment.
The maximum acceleration stroke represented the maximum extent of the acceleration pedal stroke of vehicle , when the participants turned right at intersection III, ranging from 0 to 1. The data were automatically recorded by the driving simulator during the experiments.
The blink rate was calculated from the waiting time of the participants at intersection III and the number of blinks during that period. The data of blink were recorded with the Smart Eye system which consisted of three cameras and two flashes. Before the experiment, adjustments and precalibrations of the eye-gaze tracking measurement were performed for every participant. The precalibration mainly comprised camera calibration, gaze calibration, and ninepoint calibration. For camera calibration, the orientations, apertures, and focuses of the cameras were adjusted to keep the faces of the participants clearly positioned in the center of each image taken by the cameras. All the participants were then required to look around the three cameras and their personal profiles for eye-gaze tracking were created according to the snapshots taken by the cameras. To better recognize the eye-gaze, the profiles were optimized, especially for marking the inner and outer corners of the eyes. The gaze calibration was then performed for the three cameras to check the accuracy of the gaze calibration. Finally, a nine-point calibration was conducted to ensure the realtime detection of the visual point throughout the measuring process. Moreover, if a deterioration in the performance of eye-gaze tracking was observed during the experiment, a recalibration could be performed to ensure a high-quality continuous measurement. Based on the accurate eye-gaze tracking data, all samples that belonged to a blink were marked with a blink id in the output data by the system. Meanwhile, the system had a filter that detected blinks by evaluating the measured eyelid opening samples over a period of approximately 700 ms, which means that blinks that lasted longer than 700 ms were not considered as blinks. Therefore, the obtained number of blinks had already been filtered automatically and could be considered reliable for evaluation.
Maximum lateral acceleration was the extreme value of lateral acceleration when vehicle turned right at intersection III. The data of lateral acceleration were automatically recorded by the driving simulator during the experiments.
The postencroachment time was the elapsed time between the departure of a leading vehicle and the arrival of an oncoming vehicle in a conflict area. A shorter elapsed time between the departure of a leading vehicle and the arrival of an oncoming vehicle suggests greater risk of collision. The postencroachment time was chosen as a safety indicator at intersections for the following reasons that it was reported to be one of the best measures applying to the angle conflicting events, and a low value of postencroachment time indicates an encounter with high severity [28] [29] [30] .
The postencroachment time can be calculated as
where ( ) and V ( ) are the distance to the conflict area and the velocity of the oncoming vehicles, respectively. In the minor-road experiment, minor-road vehicle driven by the participants was the leading vehicle, and the arrival of the oncoming vehicle was actually controlled by the driving simulator; therefore, the values of postencroachment time were determined objectively and deemed suitable for describing the urgency of the situation. In the major-road experiment, major-road vehicle driven by the participants acted as the oncoming vehicle. It was possible that the participants might choose to brake severely for a larger postencroachment time to satisfy their subjective safety margin. Therefore, the maximum brake stroke variable was applied for evaluating the driving safety together with the postencroachment time.
Maximum brake stroke represented the maximum extent of brake pedal stroke of the vehicle , ranging from 0 to 1. It was automatically recorded by the driving simulator during the experiments.
The perception response time was defined as the total time, in seconds, elapsed from the entry of minor-road vehicle to the depression of the brake pedal of major-road vehicle , as shown in Figure 4 . feeling of safety was assessed in the major-road experiment. Evaluation scores were collected using a five-pointscale measurement questionnaire at the conclusion of each experimental session.
Data Analysis.
Statistical analysis was conducted to determine whether the consideration of waiting time significantly affected the driver behaviors and subjective evaluations for the 12 participants. The significance level was set at 0.05. A one-way repeated measures ANOVA was conducted for the driver behaviors including the maximum acceleration stroke, blink rate, maximum lateral acceleration, postencroachment time, and perception response time.
A Wilcoxon signed-rank test was performed for the subjective evaluations.
Results

Driver Behaviors
Maximum Acceleration Stroke.
The maximum acceleration stroke was used in the minor-road experiment to analyze the acceleration behaviors of the participants at intersection III. A higher maximum acceleration stroke indicates a higher possibility of aggressive driving. Figure 5 shows that there was no significant difference in the maximum acceleration stroke between the conditions of there being no in-vehicle traffic light and there being an in-vehicle traffic light without considering the waiting time, although a decreasing trend was observed. The result for the in-vehicle traffic light considering the waiting time was significantly different from the result without an in-vehicle traffic light ( = 0.001 < 0.05). might be considered the result of frustration. Figure 6 shows that when the in-vehicle traffic light considering the waiting time was applied, the blink rate was significantly lower than that for the in-vehicle traffic light without considering the waiting time ( = 0.033 < 0.05). Meanwhile, a significant difference in the blink rate was observed between the conditions of no in-vehicle traffic light and the provision of the in-vehicle traffic light while considering the waiting time ( = 0.044 < 0.05). There was no significant difference between the provision of no in-vehicle traffic light and that of the in-vehicle traffic light without considering the waiting time.
Blink
Maximum Lateral Acceleration.
The maximum lateral acceleration was used to evaluate the steering stability in the minor-road experiment. A lower value of maximum lateral acceleration indicates better steering performance. Figure 7 shows that the maximum lateral acceleration of the minorroad vehicle was significantly lower when using the in-vehicle traffic light while considering the waiting time than when using the in-vehicle traffic light without considering the waiting time ( = 0.049 < 0.05). A significant difference was also observed between the conditions of no in-vehicle traffic light and the provision of the in-vehicle traffic light without considering the waiting time ( = 0.043 < 0.05).
Postencroachment Time.
The postencroachment time was calculated to evaluate the driving safety in both the minor-road and major-road experiments. The results of the minor-road experiment are presented in Figure 8 The results of the major-road experiment imply that the driving safety of major-road drivers could be ensured when the shortest critical gap of 5 s was accepted by minor-road vehicles with the application of the in-vehicle traffic light considering the waiting time.
Maximum Brake Stroke.
The maximum brake stroke was used to analyze the braking behaviors in the major-road experiment. Figure 9 shows that, for the maximum brake stroke in the major-road experiment, there was a significant effect of providing the in-vehicle traffic light ( = 0.047 < 0.05), which indicates that the maximum brake stroke could be significantly reduced by the usage of in-vehicle traffic light.
Perception Response Time.
The perception response time was applied to evaluate the driver reactions to the entry of minor-road vehicles in the major-road experiment. A shorter perception response time indicates a faster reaction to the entry of minor-road vehicles. Figure 10 shows that the perception response time significantly reduced when the invehicle traffic light considering the waiting time was used ( = 0.002 < 0.05).
Subjective Evaluations
Evaluation of Frustration.
Frustration was evaluated to analyze the driver condition in the minor-road experiment. Maximum brake stroke Figure 9 : Results of the maximum brake stroke in the major-road experiment. * indicates a significant difference at < 0.05 in statistical analysis. Figure 11 shows that the participants felt significantly more frustrated when there was no in-vehicle traffic light than when the in-vehicle traffic light without considering the waiting time was applied ( = 0.002 < 0.05). Moreover, the feeling of frustration was significantly less for the provision of the in-vehicle traffic light considering the waiting time than for the provision of the in-vehicle traffic light without considering the waiting time ( < 0.001).
Evaluation of Task Difficulty.
The difficulties of completing the same driving task under different assistance conditions were evaluated in the minor-road experiment. Figure 12 shows that although the participants were required * * to turn right at the same intersection, they felt that it was significantly more difficult to complete the driving task without the in-vehicle traffic light than under the other two conditions ( < 0.001). No significant difference in task difficulty evaluation was observed between the cases of invehicle traffic lights with and without the consideration of waiting time. Figure 13 presents the results of the driving safety evaluation of major-road drivers in the major-road experiment. A significant difference was observed between the conditions of no in-vehicle traffic light and the provision of the in-vehicle traffic light considering the waiting time ( < 0.001), indicating that the participants * * * * * * * * felt safer when assisted by the in-vehicle traffic light with consideration of the waiting time.
Evaluation of Safety.
Discussions
It was expected that the driving experiences of minor-road vehicles would be improved through the consideration of waiting time in the implementation of an in-vehicle traffic light, without detriment to the driving safety of major-road vehicles. The experimental results were thus carefully analyzed, and several interesting results were found to deserve further discussion. Figure 5 showed that the application of the in-vehicle traffic light considering the waiting time significantly reduced the maximum acceleration stroke of minor-road vehicles. It was revealed that the consideration of waiting time might be effective in preventing the aggressive driving of minorroad vehicles. Previous studies pointed out that accelerationrelated indexes, including maximum acceleration, are suitable for evaluating aggressive or emotional driving [31, 32] . As for the cause of aggressive driving, it was reported that aggressive driving was more likely to occur in situations of dense traffic [33] . In the minor-road experiment, the continuous major-road traffic flow was considered challenging for the minor-road drivers, which might result in aggressive driving. Meanwhile, it has been demonstrated that challenging or unexpected traffic situations can induce frustration and other negative emotional states [34] . According to the frustration-aggression hypothesis, the frustration of drivers might also lead to risky and aggressive driving behaviors, including strong acceleration [35, 36] .
Frustration was evaluated in the blink rate analysis and subjective evaluations. It was reported that the blink rate was highly related to the dopaminergic systems and the mental states including frustration might be effectively analyzed with the blink rate [37, 38] . The blink rate was, therefore, analyzed according to the hypothesis that the feeling of frustration can be detected by monitoring the blink rate [39] . Normally, the average blink rate is around 14 blinks per minute [40] . During the minor-road experiment, the measured blink rates ranged from 12 to 22 blinks per minute and are therefore considered reliable for evaluation. Moreover, previous studies suggested that the blink rate might increase with the level of frustration [41, 42] . According to the subjective evaluation of frustration, as shown in Figure 11 , drivers felt less frustrated when provided with the in-vehicle traffic light with consideration of the waiting time than when provided with the in-vehicle traffic light without consideration of the waiting time, which coincided with the blink rate analysis. However, no significant difference in the blink rate was observed between the conditions of no provision of the invehicle traffic light and the provision of the in-vehicle traffic light without considering the waiting time, although the participants reported more frustration without the in-vehicle traffic light in their subjective evaluation. This is considered due to the task difficulty. As presented in Figure 12 , the participants reported that it was more difficult to complete the driving task without the in-vehicle traffic light, and it has been suggested that the blink rate tends to decrease if the task difficulty increases [43] .
The maximum lateral acceleration was significantly lower when the in-vehicle traffic light was provided while considering the waiting time than when the in-vehicle traffic light was provided without considering the waiting time as shown in Figure 7 . The result suggests that the steering stability of minor-road vehicles is improved by considering the waiting time when using the in-vehicle traffic light. It has been suggested that lower maximum lateral acceleration corresponds to less deviation from the idealized curved path during a turn at an intersection [44] .
The major-road experiment was performed to evaluate the driving safety of major-road drivers. A critical part of driving safely is the ability to detect and respond to emergency traffic hazards. The entry of minor-road vehicles in the major-road experiment was considered an emergency hazard, and the perception response time was therefore used to analyze the detection and response ability of major-road drivers. As shown in Figure 10 , when there was no in-vehicle traffic light, the perception response time ranged from 1.01 to 1.15 s. When the in-vehicle traffic light considering the waiting time was applied, the perception response time decreased and ranged from 0.84 to 0.96 s. It has been reported that the mean value of the perception response time is around 1 s [45] . Meanwhile, in analyzing the duration of a driver's perception response to intruding vehicles at intersections, another study found that the mean time from the start of motion until brake pedal application was 1.14 s, which was in accordance with the results when no in-vehicle traffic light was applied [46, 47] . It is noted that, with the provision of the in-vehicle traffic light, the major-road drivers had an advantage in detecting the entry of minor-road vehicles, as they would be immediately warned once other vehicles started entering intersections. Moreover, as presented in Figure 9 , the maximum brake stroke significantly decreased with the provision of in-vehicle traffic light. It has been demonstrated that vehicle performance might deteriorate with an increase in the brake stroke [48] . The analysis of driving operations revealed that a longer postencroachment time could be achieved with a smaller maximum brake stroke by applying the in-vehicle traffic light, which suggested that the safety of major-road drivers might be ensured. Furthermore, as shown in Figure 13 , the subjective evaluation of driving safety was also in accordance with the results obtained based on the driving operations.
As a limitation of the study, the practical application of the proposed in-vehicle traffic light is still needed to be studied with a large random sample, which can truly represent the driver population in reality. Actually, to represent the true driver population, a variety of factors should be taken into consideration, including gender, age, driving experience, education background, and personal characteristics [49] [50] [51] . Meanwhile, the practical application of the in-vehicle traffic light requires the deployment of vehicular communication devices for all the vehicles, and it is a difficult task to provide the same driving conditions for every participant in an actual vehicle experiment. Therefore, this study was mainly executed with a driving simulator to analyze the influences of waiting time on driver behaviors, while using the in-vehicle traffic light at priority-controlled intersections. On the other hand, considering the limited experimental conditions in this study, the acceptable sample of participants was determined to satisfy the requirement of sufficient statistical power [52] . Statistical power is the likelihood of finding statistically significant differences given that statistically significant differences actually do exist [53] . It depends on three factors: alpha level, effect size, and sample size. In this study, the alpha level and sample size were set as 0.05 and 12, respectively. Therefore, the statistical power could be estimated based on the effect size, which was related to the mean values and standard deviations. Based on the calculated results of SPSS and a widely accepted calculation method [54] , the statistical power of this study was around 0.8, which was acceptable for consideration in general studies [55, 56] .
Conclusion
Given the application of vehicular communications, the present study proposed an in-vehicle traffic light system with the consideration of waiting time to assist drivers in crossing priority-controlled unsignalized intersections. Moreover, to evaluate the effects of the waiting time on driver behaviors, two driving simulator experiments were performed with 12 participants for minor-road and major-road cases.
In the minor-road case, the application of an in-vehicle traffic light considering the waiting time significantly reduced the maximum acceleration stroke and blink rate, indicating that the aggressive driving of minor-road vehicles might be successfully avoided with such application. Meanwhile, a significant decrease was observed in the maximum lateral acceleration with the consideration of waiting time, showing that better steering stability might be achieved.
In the major-road case, it was observed that the postencroachment time significantly increased and the perception response time significantly decreased when applying the invehicle traffic light while considering the waiting time. The results indicate that the in-vehicle traffic light might enhance the drivers' ability to detect the entry of other vehicles, which would contribute to safe driving. According to the results of postencroachment time, it is believed that the driving safety of major-road drivers can be ensured when the in-vehicle traffic light is applied while considering the waiting time.
The present study may contribute to the development of driver assistance systems at priority-controlled unsignalized intersections and provide useful references for further applications of V-2-X communications in intelligent transportation systems. The proposed system will be implemented with a real vehicle in future work.
